Fiber-reinforced polymer (FRP) 
INTRODUCTION
Demand for seismic strengthening has increased due to a better understanding of seismic risk and also because of the revision of existing codes. There has been a worldwide acceptance in the use of composite materials for the rehabilitation of deficient reinforced concrete (RC) structures. One important application of this composite retrofitting technology is the use of FRP jackets to provide an external confinement of structural elements when the existing capacity of the structure is inadequate. Each structural component has a specific function to perform, and confinement has proven to be very effective in increasing the strength of concrete and the ductility of members primarily subjected to compression. RC columns need to be laterally confined in order to prevent large deformations under loads before failure and to provide an adequate load resistance capacity. In the case of a seismic event, energy dissipation provided by a well-confined concrete core can often save lives. On the contrary, a poorly confined concrete column behaves in a brittle manner, leading to sudden and catastrophic failures.
The axial behavior of CFRP-confined concrete has been extensively studied by researchers (Toutanji, 1999; Xiao and Wu, 2000; Campione, 2006; Colomba, et al., 2008; Lam and Teng, 2009) towards the development of constitutive models for simulating stressstrain behaviour. Most of these models were calibrated against their own sets of experimental data. On the other hand, the experimental results available in the literature encompass a wide range of values of the significant variables and can therefore be used for a systematic assessment of the effectiveness of an existing model. In such studies, it has been observed that the response behaviour is dependent on the shape of the core concrete element which has to be confined and also on the specifications of the concrete.
Researchers have observed traditional types of failures that can reduce the performance of CFRP when it is used in retrofitting structures (Esfahani et al., 2007) . These failures are often brittle and include the debonding of concrete layers, the delamination of the CFRP, and shear collapse. Brittle debonding has particularly been observed at laminate ends, due to the high concentration of shear stresses at discontinuities, where shear cracks in the concrete are likely to develop (Teng et al., 2003) . Thus, it is necessary to study and understand the behaviour of CFRP-strengthened RC members, including failure phenomena. Several researchers have simulated the behaviour of the concrete-CFRP interface using a very fine mesh to simulate an adhesive layer, which is defined as a linear elastic material (Ebead and Marzouk, 2004) . However, they have not used any failure criteria for the adhesive layer. Many of the researchers who have studied the behaviour of retrofitted structures have, however, not considered the effect of the interfacial behaviour (Hu et al., 2004; Lundquist et al., 2005) .
In the present paper, a nonlinear finite element analysis (FEA) has been carried out to simulate the effect of CFRP confinement on concrete cylindrical specimens. Different material models were used to describe the behaviour of a wrapped concrete specimen. An interface model has been developed using a cohesive bond concept for the concrete-CFRP interface. The interaction between the concrete to the cohesive element and the cohesive element to the CFRP has been accounted for in the modeling. A damage model has been used to simulate the failure of the concrete-CFRP interface. The response behaviour of the wrapped concrete specimen with the proposed interface model has been compared with the behaviour of a perfectly bonded condition. The simulation results have been validated with the available results in the literature. Further, a sensitivity analysis has been carried out to study the confinement effects of the number of layers of CFRP on concrete specimens.
FINITE ELEMENT ANALYSIS
A nonlinear FEA was performed using the general purpose FEA software ABAQUS (2007) for the simulation of CFRP-confined concrete specimens. The models used to represent the cohesive behaviour reported by Khaligi (2009) have been integrated in the present FEA modelling.
Material Models

Concrete
An elastic-plastic model was used to model the behaviour of the concrete. Under uniaxial compression, the stress-strain response follows a linear elastic relationship up to the yield point. This point has been taken as the initial plastic point, and the initial plastic strain has been taken as zero. The stress-strain relationship for M25 grade concrete (C25/30) was used to define the plastic behaviour of the concrete from point C onwards as shown in Fig. 1 . The Poisson's ratio adopted for the concrete was 0.2.
CFRP
The CFRP material was considered to be linear elastic isotropic until failure. Since the composite is unidirectional, it is obvious that the behaviour is essentially orthotropic. When a composite is primarily stressed in the fibre direction, it is probable that the modulus in the fibre direction is the more important parameter. Hence, in the present studies an isotropic model was considered. The elastic modulus in the fibre direction of the unidirectional CFRP material considered for the numerical simulation is 120000MPa (Ciupala et al., 2003) . The value of the Poisson's ratio is 0.15 for the isotropic model.
Cohesive Element
The realistic behaviour of CFRP sheets bonded to concrete with epoxy resin as an adhesive can be modelled by providing the traction versus separation relationship for the cohesive element. The cohesive element is considered as an interface model for such types of problems. In most of the CFRP retrofitted systems, delamination is the governing mode of failure. Prior to such damage, a linear elastic traction-separation law is assumed. The damage process leading to the failure is represented by a progressive degradation of the material stiffness as well. In the present study, the thickness of the epoxy resin layer provided is 0.01mm. The mechanical values taken for the epoxy resin are the modules of elasticity E epoxy = 1067 MPa and the modulus of rigidity G epoxy = 746 MPa.
CFRP-Concrete Interface
Two different models were used to represent the interface between the concrete and CFRP. In the first model, the interface was modelled as a perfect bond, which assumes no traction-seperation behaviour between the concrete and CFRP. In the second case, the interface was modelled using a cohesive zone model, which would simulate the actual behaviour of the concrete with CFRP confinement. Vol. 22, 2014, No. 3, 31 -36 
Concrete-Cohesive and CFRP-Cohesive Interaction
While performing finite element modelling of concrete-confined specimens with different materials, if the two neighboring layers do not have compatible meshes, the top and/or bottom surfaces of the cohesive layer can be tied to the surrounding structures using a tie constraint. Such a situation arises in the case of CFRP confinement because the discretization level in the cohesive layer that is finer differs from the discretization level in the surrounding structures. There is a need to consider two separate types of interaction modelling such as concrete to cohesive interaction and CFRP to cohesive interaction. A pictorial representation of such a situation is shown in Fig. 2 , in which the cohesive layer is represented by a finer discretization than the neighboring elements.
Concrete-CFRP Interaction
As the delamination initiates and progresses between the concrete and CFRP, the cohesive elements completely degrade as a result of the deformation. Subsequently, the elements that are bonded together by the cohesive elements come into contact with each other. Once they are fully delaminated, the cohesive elements will be completely damaged. Hence, simple tangential and normal contact behaviors were selected, and it is assumed that the normal behavior is a hard contact and that the tangential behavior is with a friction coefficient of 0.2.
Traction-Separation Behaviour
A linear elastic behaviour is assumed for the traction-separation model up to the initiation of delamination. The elasticity is defined in terms of nominal tractions and nominal strains. It is assumed that each traction component depends only on its conjugate nominal strain. The stress-strain relations for uncoupled behavior are given below as:
The quantities t n , t s , and t t represent the nominal tractions in the normal and the two local shear directions, respectively, and K nn , K ss and K tt represent the stiffness in the normal and the two local shear directions respectively, while the quantities ε n , ε s , and ε t represent the corresponding nominal strains.
Modeling the Damage to the Interface
The damage happening to the interface is represented by a failure mechanism as typically shown in Fig. 3 . Until the initiation of the damage, the cohesive element is assumed to be linear. A damage initiation and evolution law is used to represent the material damage happening to the cohesive element. The notations t o n, t o s, and t o t used in Fig. 3 represent the peak values of the nominal stress.
The damage is assumed to be initiated when a quadratic interaction function involving the nominal stress ratios reaches a value of one as given in Eq. (2).
(2)
Once the damage is initiated, a damage evolution law is used to describe the rate at which the material stiffness is degraded. An energy criteria is considered for the damage evolution in the present study where the fracture energy was used as the input for the damage evolution. In the fracture, a mixed mode behaviour was considered by treating each mode independently along with softening effects, when the material is under tension. The fracture energy is equal to the area under the traction-separation curve (Fig. 4) , and an exponential softening behavior is used.
Since the mixed mode deformations consist of normal and shear deformations in the cohesive element, the mixed mode definitions based on energy are calculated as Vol. 22, 2014, No. 3, 31 -36 (3) where, G n , G s and G t are the work done by the tractions and their conjugate relative displacements in the normal, first, and second shear directions, and G T is the sum of the normal, first and second shears. It is also useful to consider G S = G s + G t to denote the portion of the total work done by the shear traction and the corresponding relative displacement components. Further, the material properties related to the damage evolution are the functions of m 2 and m 3 . The definitions of the mixed mode based on the traction components are given by (4) where is a measure of the effective shear traction. The angular measures used in the above definition (before they are normalized by the factor 2 / π) are illustrated in Fig. 5 .
There are two components to the definition of the evolution of the damage. The first component involves specifying either the effective displacement at complete failure, δ m , relative to the effective displacement at the initiation of the damage, δ m ; or the energy dissipated due to failure, G C (Fig. 6) .
The dependence of the damage initiation and evolution on the mode mix for a traction-separation response with isotropic shear behavior is shown in Fig. 7 . The dependence of the damage evolution data on the mixed mode can be analytically defined as an energy-based definition. In Fig. 7 , the traction is presented in the vertical axis, and the magnitudes of the normal and shear separations are presented along the two horizontal axes. The two vertical coordinate planes which are unshaded, represent the response under pure normal and pure shear deformations, respectively. All the intermediate vertical planes represent the damage response under mixed mode conditions, and these maps to the delamination growth.
NUMERICAL INVESTIGATIONS
Numerical studies were carried out in order to validate the proposed numerical model by conducting a nonlinear FEA. The experimental data reported by Ciupala et al (2003) for a cylindrical specimen of a diameter of 150mm and a height of 300mm wrapped with CFRP was considered for the numerical simulation. Each CFRP layer is of a 0.117 mm thickness. The loading was monotonically increased up to failure. It was observed experimentally that the failure of the confined concrete was dominated by the rupture of the jacket and the crushing of the concrete. The experimental results showed that a significant increase in the strength and ductility of concrete can be achieved by one layer of carbon fiber composite jacketing.
For the finite element modelling of both the FRP and concrete parts, a 20-node quadratic solid element (Fig. 8) was selected.
Eight-noded 3-D cohesive elements were used to model the interface layer. The cohesive interface elements were composed of two surfaces separated by a thickness (Fig. 9) . The relative motion of the bottom and top parts of the cohesive element measured along the thickness direction represents the opening or closing of the interface. The relative motion of these parts represents the transverse shear behaviour of the cohesive element. To show the effect of the bond model and the behaviour of the CFRP, four combinations of the bond model and CFRP model were analysed. The two cases considered are: 1) a perfect bond with an isotropic CFRP, 2) a cohesive bond model with an isotropic CFRP.
Regarding the boundary conditions, all the nodes in the bottom surface of the cylinder were constrained. The top of the cylinder is allowed to move only in an axial direction (Fig. 10) . Fig. 11 shows the finite element (FE) model used in the present study. The nonlinear static analysis was carried out using the Newton-Raphson scheme. Vol. 22, 2014, No. 3, 31 -36 In Fig. 13 , the axial stress-strain behaviour of the cohesive model is compared with the corresponding experimental results (Ciupala et al., 2003) and the analytical results (Mirmiran and Samaan, 1998) available in the literature. From Fig. 13 , it can be observed that the the present model and experimental behaviour are in close agreement up to an axial stress level of 34MPa. The maximum axial stress is also the same in both cases, whereas the axial strain corresponding to the peak axial stress is 42% lower in the present model. However, while comparing the present model with one of the analytical models available in the literature, it is observed that the analytical model shows more flexible behaviour than experimental behaviour. More flexibility will overpredict the actual behaviour in terms of the failure mechanism.
The simulation was capable of predicting this behaviour due to the incorporation of the interaction model, the damage criteria, and its evolution during the numerical modelling. Further, the load-deflection curves were obtained for the plain and one-layer CFRP-confined concrete cylinder. The gain in the load-carrying capacity due to the CFRP confinement is shown in Fig. 14 . There is about an 80% increase in the ultimate load. It can also be noted that the ductility of the specimen increases with the confinement.
Sensitivity Analysis
A sensitivity analysis was performed for the CFRP with respect to the number of wrapping layers. A FEA was carried out for the concrete specimens wrapped with 1, 2 and 3 layers of CFRP, keeping the compressive strength of the concrete as a constant. Fig. 15 shows the plot of the axial stress-strain behaviour of the CFRP with 1, 2 and 3
Results and Discussions
For performing a static nonlinear FEA, two different combinations of models for the concrete and CFRP interfaces using the surface-to-surface approach for a perfect bond and a cohesive model for traction separation were used. The stress-strain curves obtained for the one layer CFRP-wrapped concrete cylinder for both cases are shown in Fig. 12. From Fig. 12 , it can be observed that in the linear range, the cohesive model is stiffer compared to the perfect bond model, whereas in the nonlinear range, the cohesive model is flexible. Vol. 22, 2014, No. 3, 31 -36 layers. From Fig. 15 , it can be observed that the axial stress increases with the increase in layers. The stiffness decreases for the 3-layered confinement compared to the 1 and 2-layer confinements. This may be due to the debonding occurring between the layers. Since the rupture strain of CFRP is 0.01, it can be concluded that there is an optimal number of layers, beyond which the strain becomes unrealistic and the stress-strain response becomes flexible with a higher load-carrying capacity.
CONCLUSIONS
A numerical model has been proposed to analyze a concrete specimen wrapped with CFRP using the finite element approach. The material model includes the nonlinear behaviour of concrete in compression and the elastic isotropic behavior of the CFRP. A cohesive model has been employed to consider the interfacial effects between the CFRP and concrete. A damage model has been employed to simulate the failure of the concrete to the CFRP interface. The interaction between the concrete to the cohesive element and the cohesive element to the CFRP has been accounted for by the numerical model. The predictions using the nonlinear FEA showed good agreement with the corresponding experimental results. From the study, it can be observed that the load-carrying capacity increases with the wrapping of CFRP layers. It is observed that the cohesive model is flexible in the nonlinear range compared to the perfect bond model. Further, the proposed model is capable of simulating the rupture failure corresponding to a strain of 0.01 for the CFRP accurately as observed in the experiment. A sensitivity analysis has been carried out, and it has been observed that two layers of the CFRP wrap were found to be the optimum, beyond which the response becomes flexible with a higher load-carrying capacity.
